ABSTRACT-The narrow-and wide-gauge trackways attributed to sauropod dinosaurs are hypothesized to be a consequence of the relative positions of their centers of mass. This hypothesis was tested using three-dimensional, trackwayproducing computer models of two sauropods and studies of Asian elephants. Centers of mass of sauropod models were computed using density distributions that reflect the high degree of pneumatization of the skeletons and air sacs within the body. A close correspondence was found between the relative areas of hand and foot prints in different trackways and the relative fractions of the body weight borne by the forefeet and hindfeet in the different types of sauropods inferred to have made the trackways. Experimental studies of Asian elephants corroborated the close correspondence between relative areas of the hindfeet and forefeet and body weight distribution. Replicating actual sauropod trackways with the walking models enabled testing of proposed gaits for a sauropod model. Brachiosaurus brancai, with its more centrally positioned center of mass, was stable and possessed a wide safety margin only when replicating a wide trackway. Conversely, Diplodocus carnegii, with a more posteriorly placed center of mass, was most stable when replicating a narrow trackway. A trend for large sauropods (>12 tons), independent of clade, to have more anteriorly positioned centers of mass was identified, and it is proposed that all large sauropods were restricted to producing wide-gauge trackways for stability reasons. The primitive gait state for Sauropodomorpha was determined to be one that produced narrow-gauge trackways.
INTRODUCTION
Sauropod dinosaurs are the largest terrestrial animals known to have existed, with typical body masses in the range of 10-20 tons (Pecksis, 1994) , although for some extremely large forms, e.g., Argentinosaurus, estimates as high as 90 tons have been proposed (Paul, 1997) . Preserved trackways left by these dinosaurs are relatively common (Farlow, 1992; Lockley et al., 1994) , and allow inferences about the biology and behavior of these animals that is not obtainable from skeletal remains. Sauropod trackways can be broadly classed as either 'wide-gauge,' with hindfoot impressions relatively far from the midline, or 'narrowgauge,' with the hind prints close to or overlapping the midline of the trackway (Farlow et al., 1989; Lockley et al., 1994) (Fig. 1A) . Narrow-gauge sauropod trackways dominated for most of the Jurassic, while wide-gauge trackways predominated during the Cretaceous, but during a period spanning the latest Jurassic and earliest Cretaceous, both types had roughly similar abundances (Wilson and Carrano, 1999) . It has been proposed that the narrow-gauge trackways were made by animals whose limbs were inclined medially, while the wide-gauge trackways were made by animals whose limbs were held vertically (Farlow, 1992) . A detailed analysis of the hindlimbs and pelvic girdles of titanosaurs strongly suggests that these Cretaceous sauropods were osteologically capable of making the wide-gauge trackway (Wilson and Carrano, 1999) . However, a biomechanical/functional explanation for the two different 'gauges' of trackway has remained elusive (Farlow, 1992) .
When considering the body weight borne by the limbs of sauropods, or any other quadrupedal tetrapod, it is instructive to view the body as a simply supported beam, with the forelimb and hindlimb pairs acting as the columnar supports under the beam (Alexander, 1985) . The fraction of the beam's weight borne by each of its supporting columns is equal to 1 minus each column's proportional distance from the center of mass (CM) of the beam (Halliday et al., 1993) . For a centrally placed load, the weight borne by each of the supports will be equal ( Fig. 2A) , but an off-center load will result in the column closest to the load bearing a greater fraction of the weight than that carried by the column furthest from the load (Fig. 2B) . The 1000 N load in Figure 2B is located 25% of the distance between the ends of the beam, so the support at the left-hand side bears 1-25%, or 75% (750 N) of the load. If the cross-sectional areas of the supporting columns are the same, the different fractions of the load carried by each column will result in different stresses acting at the base of each column. However, if the bases of the two columns can be adjusted so that the basal area of the more heavily loaded column increased, while that of the lightly loaded one reduced, the stresses can be made equal (Fig. 2B) . This relationship between the loads experienced by columns, their cross-sectional areas, and the associated stresses, are relevant to the mechanics of the limbs and feet of tetrapods.
The plantar area of a human foot is a good indicator of body mass, and the stress experienced by the feet of differently sized individuals is relatively constant (Robinson and Frederick, 1989) . Narrow-gauge sauropod trackways are associated with relatively small handprints, while wide-gauge trackways have relatively large handprints (Lockley et al., 1994) (Fig. 1B) . It is hypothesized that these differences in manus print sizes indicate different relative fractions of body weight being carried by the forelimbs of narrow-and wide-gauge sauropod trackmakers-a result of different longitudinal positions of the CM in different sauropod taxa. Furthermore, the differing positions of the CM relative to the shoulders, hips, hands, and feet are predicted to have constrained how these animals walked and balanced.
To test the hypothesized correlations between relative manus and pes print areas, the position of the CM, and the generation of narrow-and wide-gauge trackways, dynamic models of the limbs and bodies of two different sauropods were generated. With computed values for the positions of the CM of the models, the effect of this parameter on potential gaits of sauropods was then assessed. The hypothesis that the manus and pes areas reflect the fractions of body weight that the respective limbs bear, and that computer models of tetrapods can be used to accurately determine the CM of the body, was checked with experiments using three large Asian elephant cows.
MATERIALS AND METHODS

Determining the Distribution of Body Weight in Elephants
Three Asian elephant cows (Elephas maximas) held at the Calgary Zoo (Calgary, Alberta, Canada) were carefully weighed to determine the fractions of their body weight carried on their forelimbs and hindlimbs: 'Ronnie' (Collection No. 103424) , 'Kamala' (Collection No. 100731), and 'Swarna' (Collection No. 100730) . A bull Asian elephant held at the Zoo, although much larger than the cows, was too aggressive to be used in the experiments. Body weight was ascertained using a set of large scales normally used to weigh trucks. To obtain total body weight (to act as a check on the sum of the forelimb and hindlimb weights) the animals were first weighed using the zoo's normal procedure of having the animals stand with their forefeet on one weighing pad and their hindfeet on the other pad (Fig. 3A) . To record the weight acting on the forelimbs, the weighing pads were each put under one of the forefeet, while the hindfeet were placed on wooden blocks, as the animals were uneasy and unfamiliar with only having the weighing pads under one set of feet (Fig. 3B ). This latter process was repeated, but with the weighing pads under the hindfeet, and the blocks under the forefeet.
Determining Elephant Footprint Areas
Within their indoor winter enclosure, the elephants normally walk on a thick, smooth rubber substrate. The elephants were guided through a shallow puddle of water and then led around their enclosure at a walking pace to leave wet footprints. The perimeters of these footprints were quickly outlined in chalk as soon as they were made and then photographed. The photographs were then scanned and the outlines of the footprints were digitized and their areas computed using a method developed for estimating skull orbital area (Henderson, 2002) .
Matching Wide-and Narrow-Gauge Sauropod Trackways to Trackmakers
The well-documented, Early Cretaceous ichnogenus Brontopodus birdi (Farlow et al., 1989) was chosen as the standard for a wide-gauge trackway (Fig. 1A) . It has been proposed that the poorly known Early Cretaceous brachiosaurid Pleurocoelus was FIGURE 1. A, four examples of sauropod trackways demonstrating wide-and narrow-gauge trackways. Adapted from Thulborn (1990:fig. 6 .15). Sources: (i) Farlow (1987) , (ii) Pittman (1984) , (iii) Ishigaki (1985) , (iv) Dutuit and Ouazzou (1980) . B, mean manus and pes print areas computed for the trackways of A, and plotted as bar graphs with the areas expressed as percentages of the combined area of a single handprint + footprint pair. FIGURE 2. Schematic views of a loaded, simply supported beam demonstrating the different fractions of the load borne by the supporting end points when the load is positioned at different points along the beam. A, for a centrally placed load the weight experienced by both supports is the same, and with similar cross-sectional areas for the two supports, the stresses acting at their bases are the same. B, for an asymmetrically loaded beam the supporting element closest to the load will carry most of the weight, while the opposite support experiences a reduced load. Only by increasing the area of more heavily loaded support, and reducing the area of the lightly loaded support, will the stresses in the supports equal those observed in the symmetric loading example. A similar situation is interpreted to be occurring in sauropods as indicated by the marked differences in the sizes of their handprints and footprints. the maker of this trackway (Farlow et al., 1989; Langston, 1974) . The recent discovery of the large, but incompletely preserved, brachiosaurid, Sauroposeidon proteles from the Early Cretaceous of Oklahoma, provides another potential Brontopodus trackway maker (Wedel and Cifelli, 2005) . However, the more completely known Late Jurassic brachiosaurid Brachiosaurus brancai was chosen as the model for attempting to replicate Brontopodus birdi. Diplodocus carnegii is known from several skeletons, and was chosen as the potential producer of a narrowgauge trackway because both diplodocids and narrow-gauge trackways were common during the Late Jurassic (McIntosh et al., 1997; Wilson and Carrano, 1999 ). An unnamed Upper Jurassic, narrow-gauge trackway from Morocco (Ishigaki, 1985) (Fig.  1C ) was deemed the most appropriate to represent that made by a diplodocid, because the relative proportions of its handprint and footprint areas-large pes, very small manus-coincided with a preliminary estimation of a more posterior position for the CM of Diplodocus (Alexander, 1985; Henderson, 1999) . Additionally, the arcuate forms of the manus prints of the Moroccan trackway are similar to what could have been produced by the tightly bundled, columnar metacarpals of a diplodocid (Thulborn, 1990) . Although the large diplodocid Torneiria is known from Africa in the Late Jurassic, it was not used in this study because its skeleton is not as complete as that of Diplodocus.
Computational Body Mesh Definitions
Elephant-A computational mesh representation of the axial body and limbs of the largest Elephas cow at the Calgary Zoo (Kamala) (Fig. 4A ) was derived from lateral view photographs of the animal in combination with posterior views of Asian elephants from the photographs in Muybridge (1887:pl. 111) . To make the model as realistic as possible, a lung volume was included in the calculations of mass and center of mass. A scaling relationship for lung volume versus body mass for mammals (lung volume in liters ‫ס‬ 0.0535 и M body 1.06 : Stahl, 1967) , predicts the lung volume in this 3290-kg animal to be 286.1 L. It was assumed that the mean tissue density for the entire elephant was 1000 g/L, and the space representing the lungs was set as a hollow cavity of volume 286.1 L placed in the anterodorsal region of the thoracic cavity below the level of the spinal column (medium gray region in Fig. 4A ).
Sauropods-The dinosaur models were initially based on published restorations that provided both lateral and dorsal views (Brachiosaurus: Paul, 1987; Diplodocus: Paul, 1997) , but the axial body shapes were later modified with the addition of new data (Fig. 4B, C) . With original measurements collected from the axial skeleton of Diplodocus carnegii (Carnegie Museum of Natural History [CM] 94), it was found that the trunk region of the Paul (1997) restoration had to be lengthened to accommodate all of the vertebrae. The first version of the Paul-based Brachiosaurus model produced manual tracks that were consistently obscured by pedal ones, completely unlike the pattern seen in Brontopodus birdi, so the body was lengthened by 70 cm to displace the manus prints forward. This change had the added bonus of making the gleno-acetabular (GA) length of the digital Brachiosaurus model consistent with that estimated from a stereophotogrammetrically derived plot of the skeletal mount at the Museum of Natural History, Berlin, Germany (Gunga et al., 1995) . The neck of the Brachiosaurus model was also inclined to a more forward leaning (less vertical) posture than it was in the original restoration.
Brachiosaurus is a macronarian sauropod , and in the Paul (1997) illustration of the Humboldt Brachiosaurus mount the tail is rather short, with a ratio of tail length (measured from the acetabulum to the tip of the tail) to GA length of just 2.0. A comparison of the tail lengths relative to GA lengths in other relatively complete macronarian sauropods revealed a different ratio value. Using published restorations of three macronarians with complete post-cervical regions (Paul, 1997) , the following ratios were found: Camarasaurus, 2.88; Jobaria, 2.40; Opisthocoelicaudia, 2.60; with a mean of 2.63. The tail and trunk length ratios in two other exceptionally long-necked sauropods-the relatively complete basal eusauropods Omeisaurus and Mamenchisaurus )-showed that they had ratios of 2.62 and 2.5, respectively, again highlighting the undersized tail of the Humboldt mount. The Berlin Brachiosaurus is a composite of the remains of several individuals (Christian and Heinrich, 1998) , with the presacral axial skeleton and the tail of this mount being from different animals (Gunga et al., 1995) . This fact, and the higher tail:trunk ratio seen in macronarians and other sauropods, led to the tail of Brachiosaurus model being conservatively extended so that its length was equal to 2.5 times the length of the trunk.
Assigning Densities to Sauropod Body Regions
A theoretical study of breathing mechanics in sauropods suggests that they would have required a breathing system similar to that of birds with air sacs (Daniels and Pratt, 1992) , and the system of abdominal and thoracic air sacs in birds occupies 15% of the volume of the trunk (Proctor and Lynch, 1993) . Using birds as the starting point, sets of paired, triaxial ellipsoids rep- Table 1 for summaries of the limb loadings and foot areas.
resenting thoracic and abdominal (posterior and anterior) air sacs were generated for the sauropod models, and their dimensions adjusted until their combined volumes equaled 15% of the trunk volume (Fig. 4B, C) . From an allometric scaling relationship between body mass and lung volumes in birds (0.0296 и Mass body 0.94 : Schmidt-Nielsen, 1984) , the lung volumes for Brachiosaurus (25.9 t) and Diplodocus (11.4 t) are 392 L and 205 L, respectively, and these volumes represent 2.0% and 2.5%, respectively, of the total trunk volumes. It is poor practice to extrapolate an allometric relationship beyond the original range of the data used to define it. However, it was thought that use of the bird lung to body mass scaling function was the only objective way to make preliminary estimates for the lung volumes in sauropods. Combining lungs, abdominal and thoracic air sacs, and dorsal axial air sacs (Wedel, 2003a) , and treating them all as air-filled cavities, gives the trunk region a mean density of ap-FIGURE 4. A, digital model of the largest of the three Asian elephants (Elephas maximas) used in this study (Kamala, Calgary Zoo, Calgary, Alberta, Canada). The light gray region in the chest area represents the lung volume, which was treated as an air-filled cavity. The rest of the body was modeled as being solid with a density equal to that of water (1000 g/L). The black '+' indicates the computed center of mass (CM) of the body, which gives forelimb and hindlimb loadings within 2% of those observed for the living form. Digital models of B, Brachiosaurus branchai and C, Diplodocus carnegii demonstrating the volumes and distributions of the internal air-sacs, lungs, and trachae. The two-dimensional silhouettes illustrate the computed CMs that result from the mesh geometries and density distributions. See Table 2 for summaries of the regional masses and densities of these models.
proximately 800 g/L, which was used for both the Brachiosaurus and Diplodocus models. The extreme reduction in the amount of bone present in sauropod cervical vertebrae (Wedel, 2004) , and evidence for an extensive system of air sacs and pneumatization along the cervical series (Wedel, 2003a, b) indicates very low neck densities. Hypothetical cervical air sacs were generated for both Brachiosaurus and Diplodocus with the assumption that they would lie within the large, lateral pleurocoels of the vertebrae and extend laterally as far as the cervical ribs (Fig. 4B, C) . The volumes of cervical air sacs represent 47.7% and 37.3%, respectively, of the total volumes of the head and neck in Brachiosaurus and Diplodocus. Additionally, the extreme internal bone reduction in the cervical vertebrae of the very large, Early Cretaceous brachiosaurid Sauroposeidon (Wedel et al., 2000; Wedel, 2004) , and other sauropods, strongly implies very low neck densities in these animals. Bramwell and Whitfield (1974) found that the density of a goose neck was 300 g/L, and this value was used for the densities of the heads and necks in both sauropod models. The presence of a wide trachea (Daniels and Pratt, 1992) would also contribute to a low neck density. The densities of the tails and limbs of both models were assigned the densities of water at 1000 g/L. The sauropod density distributions developed here are refinements of earlier models (Henderson, 2004) .
Limb Motions
The limbs of the sauropod models were represented as a series of connected nodes in three-dimensional space that represent joint positions (Fig. 5 ), and at each joint position the orientation of the axis of rotation of the joint was specified with a vector in three-dimensional space. For each model, the hindlimb was defined as a hip, knee, ankle, a single distal metatarsal joint that the pedal phalanges rotated about in unison, and a distal end to the pedal phalanges. The forelimb node set for each model consisted of shoulder, elbow, wrist, and a distal end to the metacarpals. However, the wrist joint was made immobile (see Results), which resulted in the forelimb having flexion/extension at just the elbow. This single hinge state differs from the hindlimb with its pair of distal hinges (knee and ankle). The details of the system of joints and their associated axes of rotation can be found in Henderson (in press).
With the limb joints represented as mathematical points it is possible to derive systems of partial differential equations that relate the positions of the joints to the angles between the bones. For a specified displacement of either a proximal or distal part of a limb in three-dimensional space, the system of differential equations is solved to determine what angular changes are to be applied to the joints to effect the required displacement. The details of the mathematical methods can be found in Henderson (in press).
With the very high mass estimates for sauropods, and the observation that very large extant animals move in such a way that large accelerations and bending stresses are minimized (McMahon, 1975; Biewener, 1989; Alexander, 1997) , the sauropod models were limited to slow, lateral-sequence (Hildebrand, 1985) walking gaits. Only one limb of the model was in the swing phase at any time, and it would only lift off the substrate and begin to protract when the horizontal position of the CM was within a triangle of support defined by the three, stance-phase limbs (see below). In accordance with observations of elephant locomotion (Gambaryan, 1974) , the models were additionally constrained so that there was no vertical displacement of the body at any time.
Stability Triangle
A basic rule for any quadrupedal terrestrial animal is that it takes at least three points of contact with the substrate to maintain the body in a state of stable equilibrium. A further requirement is that the horizontal position of the CM of the animal lies within a triangular region whose vertices are defined by the three points of contact (Gray, 1968) . If the CM lies outside this 'stability triangle,' the animal will tip over. This constraint of maintaining the CM within the stability triangle was applied at all stages of a walk cycle by a combination of visual inspection of the FIGURE 5. Posterolateral views of the three-dimensional walking, digital models of the sauropods and the trackway traces that are generated. The three-dimensional, black '+' denoting CM of the Brachiosaurus (A) is visible in the center of its trunk, but the CM of Diplodocus (B) is hidden behind the right ilium. The CM is also projected onto the floor, along with a frontal outline of the axial body. Both pairs of limbs of Brachiosaurus are vertical, while those of Diplodocus are medially inclined. The more flexed forelimbs of the Diplodocus model were required to allow the forelimbs to have the same stride length as the much longer hindlimbs. Limb girdle shapes and limb dimension sources: Brachiosaurus (Paul, 1987) ; Diplodocus (Hatcher, 1901 ) (Carnegie Museum of Natural History [CM] 94). Body shapes adapted from the following sources: Brachiosaurus (Paul, 1987) ; Diplodocus (Paul, 1997) . Floor tile dimensions are 1 m by 1 m.
CM during the animation of a gait, and by determining the loading on the limbs.
Calculation of the fractions of body weight borne by the limbs was done under the assumption that at each stage of a step cycle the net forces and torques acting on the body would produce no vertical or lateral motions, and the body would not rotate about any axes (Gray, 1968) . For example, with the left arm in swing phase (not contacting the substrate), and the two hindfeet and the right hand in contact with the substrate, the combined loads borne by the two hindlimbs and the right arm must equal the animal's weight. Because our interest is in the relative fractions of the total weight carried by each of the stance phase limbs, the vertical force balance equation is expressed in terms of percentages of total body weight acting on each limb:
where F RightFoot , F LeftFoot , and F RightHand are relative forces acting through the right and left feet and the right hand, and together these forces represent 100% of the body weight. F y indicates that we are only concerned with forces acting in the vertical (Y-axis) direction. The equations for no net turning forces about the two horizontal axes, X (anteroposterior) and Z (mediolateral), are:
where d
x RF and d z RF are the anteroposterior and mediolateral distances, respectively, of the right foot from the CM, with similar symbols used for the distances associated with the left foot and right hand. At each stage of the step cycle this system of equations {(1), (2), (3)} was solved to determine the fraction of body weight borne by each supporting limb. The lack of vertical motion in the models implies that there are no vertical accelerations acting on the body other than that associated with gravity, and when combined with the slow gait, it permits the forces acting on the limbs to be approximated as being directly proportional to the body weight. Equations (1), (2), and (3) are set up such that the forces computed for any limb will always be positive when the CM lies within the triangle of stability. If the CM lies outside of the triangle one or more of the computed the forces will be negative, and this will signal a limb + body configuration that is not in stable equilibrium. To obtain a stable model the gait angles and mediolateral displacements for each model were adjusted until all the limb load fractions were positive, although this was not always possible for some combinations of gaits with the models. Table 1 presents data on the weights of the Asian elephants.
RESULTS
Elephant Body Mass Distribution and Relative Track Areas
Two of the three sets of measurements (for Swarna and Kamala-the heaviest animals) demonstrate a close correlation between the relative areas of the forefoot and hindfoot impressions and the fractions of body weight that they carry. The two types of relative measurement for a given hand or foot-area and loading-are within 1% or 2% of each other, and support the hypothesis that foot structure and area reflect the forces that they must carry. This pattern breaks down with the smallest animal of the three (Ronnie). Although her forelimbs take the larger fraction of her body weight, with forefoot and hindfoot proportions very similar to those seen in the other two animals, her feet are more equal in size, with the result that the computed stress on the forefeet is roughly 50% greater than that for the hindfeet.
There are at least three possible explanations for this discrepancy. First, because Ronnie is not fully grown, the proportions of her feet may have not attained the final adult state. However, Ronnie's forefeet are still larger in area than her hindfeet, in keeping with what is seen in Swarna and Kamala. Second, during the weighings, the elephants would tend to lean to one side, or lean back (slouching) while standing on the scales. Any deviation from having perfectly vertical limbs would affect the loadings recorded by the weighing scales. It may be that some incidences of slouching in Ronnie went unobserved, and this affected the final results. Third, the foot pressure applied to the rubber substrate was not uniform, and tended to be greatest toward the centers of the feet and diminish toward the edges. The wet footprint impressions of Ronnie's pads may not have fully recorded the true proportions of her feet because she is the lightest of the three elephants. Figure 4A shows the three-dimensional digital model of Kamala along with the CM position indicated by a black '+.' With the uniform body density of 1000 g/L (except for the region of the lung), and the lung volume derived from a general allometric scaling relationship for mammals, the mass of the computed model is 3088.7 kg ( Table 2 ). The observed mass of Kamala was 3290 kg. The computed CM lies in front of the acetabulum at a point equal to 57.25% of the horizontal gleno-acetabular distance. The weighings of Kamala demonstrated that her CM was situated at a point 59.5% ahead of her acetabulum. This close correspondence between the observed and modeled CM positions clearly demonstrates that a three-dimensional digital model can adequately replicate a biomechanical aspect of an organism based on a carefully specified density and mass distribution.
Sauropod Body Mass, Its Distribution, and Relative Track Areas
Outline silhouettes in Figures 4B and 4C illustrate the computed CMs of the two sauropods (Table 2 presents the total masses, component masses, and the numerical values for the relative CM position in these two models). The CM of Brachiosaurus can be seen to lie almost centrally in the trunk, while that of Diplodocus lies immediately in front of the hips. Relative to the position of the acetabulum, the position of the CM can be conveniently expressed as percentages of the gleno-acetabular (GA) distance, and for Brachiosaurus and Diplodocus these fractions are 37.4% and 11.5%, respectively. These numbers imply that the hind feet of Brachiosaurus would, when averaged over a complete step cycle, carry 62.6% of the body, while in Diplodocus the hind limb carrying fraction would be 88.5%. For the wide-gauge Brontopodus birdi trackway (Fig. 1A(i) ) the area ratio manus:pes is 33.9 to 66.1, while for the unnamed narrowgauge trackway (Fig. 1A(iii) ), the ratio is 13.1 to 86.9. In calculating the manual area of the Brontopodus birdi trackway only the undistorted horseshoe-shaped manus prints were used (right manual impressions) as these had the best correspondence to restored manus forms for macronarians (Bonnan, 2003) . From these area ratios it can be seen that there is a reasonable correspondence between the relative areas of the manüs and pedes and the predicted fractions of body weight that they would bear, with the mismatch being 3.5% in the case of Brachiosaurus and 1.6% in Diplodocus. These minor mismatches do not negate initial assumptions that Brontopodus birdi was made by an animal similar to a Brachiosaurus, nor that the unnamed, narrowgauge trackway was made by a sauropod with a body similar to Diplodocus. Figure 5 presents three-dimensional views of the two sauropod walking models in posterolateral view in association with the wide-and narrow-gauge tracks generated by the limb and body motions of the models over the course of several step cycles. The synthetic track patterns are good facsimiles of the original fossil tracks (Fig. 1A,C) . Characteristics of the trackways and their makers are summarized in Table 3 .
To test the robustness of the inferences that the narrow-and wide-gauge trackways could have been made by sauropods like Diplodocus and Brachiosaurus, an analysis was carried out to see how well each model could replicate both kinds of trackways, and how stable each model was when doing so. To facilitate comparisons between the models, the Brachiosaurus and the Diplodocus models were both given a standard gait, with 4 of 16 frames allotted for the swing (protractive) phase of a limb and 12 of 16 frames allotted for the stance (retractive) phase. This resulted in the minimum duty factor possible for each limb (0.75) and each model was moving at its maximum possible speed while still conforming to the constraint that there be three limbs in contact with the substrate at all times. A similar duty factor is seen in the slow, stable gait used by turtles (Jayes and Alexander, 1980) . Figures 6 and 7 present the two types of synthetic trackways, narrow and wide, generated by the two sauropod models (see Table 3 ). For the sake of brevity, only the first half of each 16 frame step-cycle (frames 0 through 7) is shown. The right manus can be seen to protract in frames 1 through 3 and reestablish contact with the substrate by frame 4. Similarly, the left pes protracts in frames 5 through 7 and returns to the ground by frame 8 (not shown). Both mediolateral and forward translation of the bodies are discernable on all the synthetic trackways by FIGURE 6. Trackway generation and dynamic stability triangles produced by the Brachiosaurus model. Medium gray triangles highlight the stability regions defined by three supporting limbs. The larger stability triangle associated with the wide-gauge trackway results in a much more stable model and is the preferred gait for Brachiosaurus. Images show just the first 8 frames from a 16 stage walk cycle. On both sets of images frames 1-4 show the right hands (small outlines) protracting, while frames 5-7 show the left feet protracting (large outlines). The rightmost set of dark manus and pes shapes (2 manus + 1 pes, or 1 manus + 2 pedes) on a trackway indicate those limbs that are currently in stance mode, while those footprint shapes towards the left record the tracks made by earlier stance phases. Overlain on each frame is the outline of the trunk and proximal tail (in dorsal view) of the track-making model. The dashed lines along the middle of the trackways mark the lateral margins of the space between the left and right sets of tracks. The black '+' denotes the position of the center of mass of each model. Scale bars are 2 m. Parameters of the trackways and the models are summarized in Tables 2 and 3. Sub-column headings 'Wide' and 'Narrow' refer to the trackway gauges. Loads are averaged over the stance phases of the step cycle, and are expressed as percentages of total body weight.
noting the changing position of the widest part of the trunk relative to the dark footprints, although the amount of mediolateral displacement is relatively slight for the Brachiosaurus model. The wide-gauge trackway produced by the Brachiosaurus model (right hand side of Fig. 6 ) represents a plausible replication of Brontopodus birdi. The CM remains within the stability triangle at all times, but is very close to the diagonal connecting the contralateral hand-foot pair that form two of the vertices of the triangle. This diagonal line represents the boundary between the current stability region and the next one in the walk sequence, and the stability triangle can be seen to shift forward to its next configuration at frame 4 as the right hand establishes contact with the substrate. As the CM is positioned within the triangle at this stage, the model would be stable when supported by the two hands and the right foot, and it is possible for the left foot to lift off and begin protracting in frames 4 and 5. In this wide-gauge mode, the model of Brachiosaurus had the freedom to oscillate mediolaterally up to 20 cm and remain either perfectly stable, or tip slightly forward in the direction of progres-FIGURE 8. Graphical views of the percentage of body weight carried by each Brachiosaurus limb at each stage of the narrow-and wide-gauge walk cycles illustrated in Figure 6 . Each column of these plots contains the relative fractions of body weight born by all four limbs, and the combined result of all four limbs at each stage sums to 100% of the body weight. Summaries of the loadings are summarized in Table 3 . The upper graph shows that when making the wide-gauge trackway all the loads on the limbs are positive and the model will not tip. The lower graph highlights the occurrence of periods of negative loading (Frame 3) during the attempt at producing a narrow-gauge trackway, which indicates that the model was unstable and starting to tip. As predicted by its more anteriorly placed CM, Brachiosaurus carries a greater fraction of its weight on its forelimbs than does Diplodocus (Fig. 9) . FIGURE 7. Trackway generation and dynamic stability triangles produced by the Diplodocus model. The pattern of 'protraction frames' and symbols are the same as that for Figure 6 . Despite having a narrow stability triangle during its narrow-gauge mode, the more posteriorly positioned CM of Diplodocus remains within the triangle at all times, so this model is stable. The narrow-gauge model of Diplodocus has a larger amplitude of mediolateral oscillation (8 cm) than does wide-gauge model Brachiosaurus. When the Diplodocus model is forced to generate a widegauge trackway the model had to oscillate mediolaterally with an amplitude of at least 14 cm just to maintain stability for part of a walk cycle. This mediolateral oscillation of the body is very obvious in the dorsal view, and despite this extra side-to-side motion the model cannot remain stable at all times.
sion. With the lateral displacement set to more than 20 cm, the model would have fallen sideways, because there was no limb in a position to prevent the body from tipping over. These modeling results support the idea of an animal similar to Brachiosaurus as a maker of this type of wide-gauge trackway (Farlow et al., 1989; Langston, 1974) . Figure 8 presents the computed loads acting on the limbs of the Brachiosaurus model as it was used to generate the two different trackway gauges. The upper graph shows the relatively smoothly varying loads experienced by a leg as it was in the stance phase for 12 frames in succession (8 through 15, 0 through 3). The loads on the legs can be seen to increase for the first 3 or 4 frames of the stance phase, attain their maximum load at midpoint, and then decrease to slightly below their initial load over the 4 frames of the stance action. After eight frames of the stance mode, the leg experiences an abrupt drop in the fraction of body weight that it bears when the support changes from one leg to another. The arms experience simultaneously abrupt increases in loads at these times. These abrupt changes can be seen at the transition between frames 7 and 8, and again between frames 15 and 0 when the cycle begins to repeat itself (Fig. 8) . As predicted by the loading equations, the loads experienced by the limbs are always positive when the Brachiosaurus model is performing a wide-gauge walk. This model is stable at all stages and the mean fractions of body weight experienced by the forelimbs and hindlimbs are similar to their relative areas (Table 4) .
Positioning the Brachiosaurus model with its limbs close to the midline replicates a narrow-gauge trackway (left side of Fig. 6 ). The limbs were repositioned by rotating all the limbs mediad about their proximal ends, and minor changes were made in the stride length and gait angle in an attempt to obtain a stable model when in this narrow-gauge configuration. The CM can be seen to be just inside the triangle for the first three frames, but moves outside the triangle at frame 3. Had this been an actual physical model, it would have tipped laterally to the right at this point as there is no limb projecting laterally on the right side to brace the body. At frame 4, the CM is just barely inside the triangle again due to the generation of a new triangle, and had this been a living animal there would very little margin for error in placing the feet in the correct position to form a valid stability triangle. If the CM were positioned just slightly behind the diagonal of the stability triangle in frame 4, the animal would have tipped to the left and backward. With the limbs of this model brought close to the midline, the area of the stability triangle has shrunk dramatically, and the model is performing the equivalent of 'walking a tightrope' as the amount of lateral motion is limited to no more than 4 cm before left or right sideways tipping would begin.
The Brachiosaurus loading pattern is quite different when the model is forced to produce a narrow-gauge trackway (Fig. 8,  lower) . The loading and unloading patterns are more stepped (i.e., not quite as smooth as is seen for the wide-gauge case), and at least one instance of negative loading is experienced by the left leg and the left arm at frames 2 and 3. Negative loading implies that the animal would have had to grip the substrate and pull itself down to counter a tipping motion. The elephantine hands and feet of a sauropod do not appear to have been well equipped to perform such a function. It is because of the tendency to tip, and the very narrow safety margin, that a narrowgauge gait for Brachiosaurus is rejected.
The left side of Figure 7 shows the Diplodocus model generating a narrow-gauge trackway. The posteriorly positioned CM of Diplodocus is farther from the hand-foot diagonal, and it is necessary for the body to oscillate mediolaterally with an amplitude of at least 8 cm to maintain the minimum duty factor and to avoid tipping sideways. In this narrow-gauge trackway, the medially positioned feet and more laterally positioned hands have the effect of increasing the obliquity of the hand-foot diagonal, thus shortening the distance between this line and the CM, and minimizing the amount of lateral displacement needed to maintain stability. The upper loading plot of Figure 9 for the narrowgauge Diplodocus confirms that the loads experienced by the limbs of the model are all positive, so this model is stable and would not tip. Additionally, the mean fractions of the body weight experienced by the hands and feet are similar to their relative areas (Table 4) .
The right side of Figure 8 has the Diplodocus model producing a wide-gauge trackway. Moving the hindfeet of Diplodocus into this wide-gauge mode increased the distance of the CM from the diagonal, and required increasing the lateral displacement amplitude to at least 14 cm, which made the model shift rapidly from side-to-side during the walk-cycle. Even with these wider oscillations, the model experienced periods where it was on the verge of tipping backward while protracting a leg. In addition to experiencing negative limb loadings indicative of instability (Fig.  9, lower graph) , the relative loadings on the forelimbs of the model exceed by almost a factor of two the relative areas of the handprints, with the hands taking up to 27% of the body weight (frames 7 and 15). For these reasons, Diplodocus can be rejected as a potential maker of wide-gauge trackways.
DISCUSSION
With the availability of captive, trained elephants to study it may have been possible to model the walking of elephants to test the reliability of the locomotion simulation software and to make comparisons with sauropod walking. Although this approach was considered, it was rejected for several reasons. The trackways of proboscideans are distinctly different from those of sauropods in that both the footprints and handprints overlap the midline of the trackway, and this is seen in Asian elephants (this study), African elephants (Sikes, 1971) , and in tracks attributed to Pleis- tocene mammoths (McNiel et al., 2005) . Moreover, the forelimbs of the elephants carry more of the body weight than the hindlimbs, the opposite of the situation determined for the sauropods. As mammals, elephants are characterized by a mobile, muscle-supported shoulder girdle that contributes to stride length (Hildebrand, 1985) , again unlike the situation inferred for dinosaurs (Bennett and Dalzell, 1973) . The stride lengths of walking elephants are relatively long (Muybridge, 1887:pl. 110 ; this study), unlike the relatively short stride lengths inferred for sauropods from their trackways. In addition, the body masses of the Asian elephants of this study range from one third of that calculated for Diplodocus to just one eighth of that of Brachiosaurus, and this fraction gets smaller when some of the larger titanosaurs are considered. The marked effects of increasing body mass on body support and locomotor potential (Bennett and Dalzell, 1973; Alexander, 1985; Biewener, 1989) make it unreasonable to extrapolate modeling results based on 2.5-to 3.5-ton animals to those weighing 12 ton. Osteological analysis suggests that strong flexure of the wrist would have been unlikely in sauropods (Christiansen, 1997) : in both of the models presented here the wrists were immobilized, but the hands were able to clear the substrate during protraction with just minor flexure at the elbows. Similarly, the only motion in the region of the shoulder girdle was at the glenohumeral joint: no motion of the shoulder girdle relative to the sternal plates was required to produce an effective gait and plausible trackways (contra Paul, 1987; contra Christiansen, 1997) . Unexpectedly, the angular excursion of the knee of the Brachiosaurus model (44.4º) was observed to be greater than that of Diplodocus (33.4º). This can be explained by the crus of Brachiosaurus being shorter than the femur, while the crus and femur of Diplodocus are less disparate in length. The relatively short shank of Brachiosaurus necessitates a larger amount of crural rotation to effect the required length changes associated with flexion and extension of the limb. This greater knee excursion of Brachiosaurus is similar to what has been inferred for titanosaurs based on the enlarged articular surfaces of their distal femoral condyles (Wilson and Carrano, 1999) . Given the close phylogenetic association between Brachiosaurus and titanosaurs this observation provides another indication of the plausibility of the model.
Published examples of narrow-gauge trackways show that the manus prints are positioned anterolaterally relative to those of the pes (e.g., Fig. 1A -iii and iv) . The synthetic, narrow-gauge trackway generated by the Brachiosaurus model differs from the typical configuration in that its manus prints are directly in front of those of the pes. This modification was required so that the model started in a state of stable equilibrium. Figure 10 shows the situation when the forelimbs of Brachiosaurus were positioned more laterally in an attempt to more accurately mimic a narrow-gauge trackway. The CM ('+' sign) misses the triangle completely so this model doesn't even begin to be stable. The configuration of the limbs in Figure 10 is such that left arm and right leg are at the beginning of protraction, while the left leg has completed two-thirds of its retraction phase. The next limb to be protracted at this point in the gait cycle is the right arm, but it would have been impossible for the model to lift its right arm off of the substrate because there would be a fraction of the body weight acting on this limb. An alternative could be to form a stability triangle composed of the left and right hands and the right foot, and to lift the left leg. However, this would lead to conflicts between the timing and sequence of protractions of the other limbs later in the cycle. A living animal, reacting to an irregular substrate, could deal with this sort of complexity, but for these minimalist sauropod models, a steady, rhythmic gait is the only one considered. Another aspect of actual narrow-gauge trackways is that the manus prints lie immediately anterior to the pes prints. It was not possible to obtain such a configuration and have a stable model with the limbs of the modeled Brachiosaurus model.
Titanosaurs dominated Cretaceous sauropod faunas, but their remains are poorly known compared with those of Late Jurassic sauropods (Wilson and Carrano, 1999 ). The close relationship FIGURE 9. Graphical views of the percentage of body weight carried by each Diplodocus limb at each stage of the narrow-and wide-gauge walk cycles illustrated in Figure 7 . The results of the loadings are summarized in Table 3 . The upper graph shows that when making the narrow-gauge trackway all the loads on the limbs are positive and the model will not tip. The lower graph highlights the occurrence of periods of negative loading (Frame 3) during the attempt at producing a wide-gauge trackway, which indicates that the model was unstable and starting to tip. As predicted by its more posteriorly placed CM, Diplodocus carries the large majority of its weight on its hindlimbs. inferred for brachiosaurids and titanosaurs, and the abundance of wide-gauge trackways from Cretaceous, suggest that titanosaurs possessed body shapes, CM positions, and gaits similar to those of Brachiosaurus. Both Saltasaurus, a titanosaur from the Late Cretaceous of South America (Powell, 1992) , and Opisthocoelicaudia (Borsuk-Bialynicka, 1977) had massively constructed pectoral girdles (Wilson and Carrano, 1999) , implying that the forelimbs carried a substantial fraction of the body weight. This inference is consistent with the hypothesis that titanosaurs had a more anteriorly positioned CM. Despite suggestions for possible bipedal posture by titanosaurs (Borsuk-Bialynicka, 1977; Powell, 1992; Wilson and Carrano, 1999) , the possession of a brachiosaur-type CM position, and the resulting higher body mass moment acting anterior to the hips, would have made it more difficult for these animals to elevate their trunks and necks relative to their hips. A sauropod like Diplodocus, with its CM much closer to its hips, would appear to have a better potential to rise up onto its hind legs (Hatcher, 1901; Bakker, 1978) .
Predicting Gaits in Other Sauropods
The modeling results suggest that the two derived sauropods in this study had distinctively different gaits. The question then arises as to the primitive gait for sauropods as a whole. Both narrow-and wide-gauge trackways are known from the Middle Jurassic (Lockley et al., 1994; Day et al., 2002 Day et al., , 2004 , and predate the derived Late Jurassic Diplodocus and Brachiosaurus. With the aim of investigating this question of 'gauge-priority,' an additional seven sauropod body and limb models were generated and their total masses and centers of mass were determined (summarized in Table 2 ). One prosauropod model, Plateosaurus, was also produced to act as an outgroup for Sauropoda, and Figure 11 presents lateral and dorsal views of these models. In constructing these additional models, the assigned density distributions were guided by the degree of pneumaticity inferred for the axial skeleton of each taxon as determined by Wedel (2003b :  Table 4 ). Although there is a virtually complete skeleton of the titanosaur Rapetosaurus krausei (Curry Rogers and Forster, 2001) , there is no illustration of the animal in dorsal view to enable the generation of a reliable three-dimensional model. For this reason, and the lack sufficient articulated skeletal material for other titanosaurs, these sauropods were excluded from this study.
Plotting the relative position of the CM against body mass for all of the models in this study reveals a trend for larger taxa to have CMs that are more anteriorly positioned (Fig. 12) . Plateosaurus is the lightest animal of the set, and has the most posteriorly positioned CM, implying that the loads on its forelimbs would have been very low. The two heaviest taxa of this study, Brachiosaurus and Jobaria, have CMs that are positioned not less than 37% of their GA distance. This pattern of a more forwardly placed CM in heavier forms is repeated independently within the Diplodocoidea where the 16.4-ton Apatosaurus has its CM at 30.4 % GA while the 11.5-ton Diplodocus has its CM at just 11.5%.
A CM close to the hips is seen in habitually bipedal dinosaurs (Alexander, 1985; Henderson, 1999) , and the posterior position for the CM of Plateosaurus is consistent with the suggestion that this dinosaur was facultatively bipedal (Van Heerden, 1997) . Possible prosauropod trackways have been identified from the Chinle Group of New Mexico (Lockley and Hunt, 1995: fig. 3.13) , and two of these trackways (Peacock Canyon) exhibit the typical narrow-gauge form with the pes prints overlapping the trackway midline, and small manus prints positioned immediately anterolaterally to the pes prints. Plateosaurus is the most primitive of the taxa included in Figure 12 , and its assignment as a potential generator of narrow-gauge trackways suggest that the primitive gauge for sauropods was the narrow one. The two most primitive sauropods known from relatively complete skeletonsPatagosaurus and Shunosaurus (Fig. 11) -have posteriorly posi- tioned CMs (Fig. 12) , and like Diplodocus they are inferred to have walked with a narrow-gauge gait.
Given that the results of this study demonstrate the incompatibility of a narrow-gauge trackway with an anteriorly positioned CM, the claim is made that all large sauropods (>12 tons) such as Jobaria, Haplocanthosaurus, and Camarasaurus with their more anteriorly positioned CMs would have produced wide-gauge trackways. This prediction is consistent with the proposal that titanosaurs were producing wide-gauge trackways (Wilson and Carrano, 1999) , because this sauropod clade includes some of the largest terrestrial animals known to have existed (e.g., Antarctosaurus and Argentinosaurus: Mazetta et al., 2004) . However, this trend does not exclude the possibility that smaller titanosaurids such as Opisthocoelicaudia (8.5 t: Paul, 1997) were walking with a wide gait, and the proposed tendency for large sauropods to walk with a wide gauge may be related to overall stability. The more anteriorly positioned CM of the Late Jurassic Apatosaurus (Table 2) hints that it may have walked in such a way to create a trackway that had more in common with a wide-gauge one. Trackway (iv) of Figure 1 (also from the Late Jurassic), with its larger manus prints could, therefore, be attributed to something like Apatosaurus. This inference is supported by the existence of a possible basal diplodocid in the Middle Jurassic of central England (Upchurch and Martin, 2003) , and the presence of relatively narrow 'wide-gauge' tracks from the same region and time period (Day et al., 2004) . The trend observed in Figure 12 contradicts the claim of Day et al. (2002 Day et al. ( , 2004 ) that trackway gauge is not a function of body size. A cladogram for the set of taxa used in this study (Fig. 13) shows that very large body size evolved more than once within Sauropoda, and it appears that all clades of sauropods had the potential to evolve taxa capable of generating wide-gauge trackways.
CONCLUSIONS
The combination of the negative limb loads, excessive mediolateral motions, and overloading of the hands and forelimbs, leads to the rejection of Diplodocus as the generator of widegauge trackways. In contrast, the modest mediolateral motions, a loading pattern on the hands and feet consistent with their relative areas, and stability of the narrow-gauge walking Diplodocus FIGURE 12. Plot showing the positive correlation between body mass in sauropods and a more anteriorly positioned CM, with the CM position expressed as the fraction of the gleno-acetabular (GA) distance that it lies in front of the acetabulum. In light of the problems with the Brachiosaurus model and its attempts to walk with a narrow-gauge, it is proposed that all sauropods with CMs positioned at or beyond 30% of the GA distance will be forced to walk with a wide-gauge trackway. Thus Haplocanthosaurus (H.p) and Jobaria (J.t) will be wide-gauge like Brachiosaurus (B.b); Camarasaurus (C.s) and Apatosaurus (A.l) will be of intermediate gauge; and Patagosaurus (P.f), Shunosaurus (S.l), and Dicraeosaurus (D.h) will be narrow-gauge like Diplodocus (D.c). See Table  4 for the values used to construct this plot. FIGURE 13. Phylogenetic relationships of the taxa in Figure 12 based on the cladogram of Upchurch and colleagues (2004) . Those taxa whose names are highlighted in bold have body masses in excess of 12.5 tons and are predicted to have walked with a wide-gauge. This cladogram suggests that narrow-gauge gaits were the primitive state for not only sauropods, but also prosauropods, and that wide-gauge walking sauropods evolved more than once. ← FIGURE 11. Dorsal and right lateral views of additional sauropod body models used to look for trends in CM position over time. Models were adapted from the following sources: Brachiosaurus and Plateosaurus (Paul, 1987); Apatosaurus, Camarasaurus, Dicraeosaurus, Diplodocus, Haplocanthosaurus, Patagosaurus, and Shunosaurus (Paul, 1997) ; and Jobaria (Sereno et al., 1999 ). On each model the black dot locates the position of the hip socket, while the black '+' marks the position of center of mass of the body+limbs. See Table 4 for details of component masses and density distributions.
model support the identification of this dinosaur, and other sauropods with posteriorly positioned centers of mass, as makers of narrow-gauge trackways. The stability of the wide-gauge walking Brachiosaurus model, and its replication of the ichnogenus Brontopodus birdi, suggests that brachiosaurids and other large sauropods with more anteriorly positioned centers of mass, were the makers of wide-gauge trackways. The ability of Brachiosaurus to walk with a gait that produces a narrow-gauge trackway is rejected because of a tendency to tip, and the existence of a narrow safety margin. It is proposed that narrow-gauge walking was the primitive trait for sauropods, and that walking with a gait that produced a wide-gauge trackway was a necessity for large (>12.5 ton) sauropods. Given the wide phylogenetic distribution of sauropods interpreted to have walked with a wide gauge, it appears that this habit arose independently within different clades of sauropods. 
